Evidence is presented that the 2 50 A thick chromosome fiber consists of clusters of nucleosomes (superbeads) which are heterogeneous in size. In bovine lymphocyte chromatin their number average corresponds to about 12 nucleosomes.
INTRODUCTION
The basic subunit of chromatin, the nucleosome, consists of a core particle which contains 140 -160 base pairs of DNA in intimate contact with core histones (H2A, H2B, H3 and H4), plus a spacer or linker region of variable DNA length (1-3). The DNA in the nucleosome is wound around a 70 8 diameter flat core histone cylinder (4) resulting in a 7-fold condensation. This level of condensation is more then one order of magnitude less than that in the chromosome fiber (about 250 8 diameter) of interphase chromosomes (5) . It is not clear how nucleosome chains are folded or coiled in the chromosome fiber. Some experimental results indicate that nucleosomes are aligned in a long continuous helical arrangement (solenoids) (6, 7) . On the other hand globular clusters of nucleosomes have been seen in the electron microscope (8) (9) (10) (11) (12) (13) (14) (15) . We previously presented evidence that chromatin was discontinuously organized into structures (superbeads) containing several nucleosomes (11, 12) . In this report results are presented which extend these earlier findings and indicate that these particles are heterogeneous in size. The structure of such particles has been investigated by cross-linking experiments.
MATERIAL AND METHODS
Preparation of chromatln fragments.
Bovine lymphocyte nuclei (11) have been digested at 37 C with micrococcal nuclease (30 units/mg DNA in a volume of 0.5 ml) in the presence of 60 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 and 5 mM Tris-HCl (pH 7.5) for different periods of time. The reaction was stopped with EDTA (final concentration 5 mM). The soluble chromatin fragments (more than 85 % of total chromatin) were separated from the nuclear pellet by centrifugation (8OOOxg, 2 min) and 200 pi samples were layered on top of centrifuge tubes containing preformed linear gradients (1O-5O % sucrose) in 60 mM NaCl, 5 mM Tris-HCl (pH 7.5) and 0.2 mM EDTA. Sedimentation was performed in a SW 40 rotor for 100 min at 3°C. The tube content was released from the top and scanned with an ISCO UA-5 absorbance monitor. The region of the faster sedimenting peak corresponds to an average sedimentation coefficient of about 50s.
For both crosslinking and reconstitution experiments large chromatin fragments (number average of about 50 nucleosomes) were isolated by gel-chromatography (Sepharose 4B; 60 mM NaCl, 5 mM triethanolamine-HCl -pH 7.5 -and 0.1 mM EDTA) after a short nuclease digest (10 sec).
Crosslinking of chromosomal proteins.
Isolated chromatin was crosslinked with dithiobis-(succinimidylpropionate) at 22°C in the presence of 60 mM NaCl. The crosslinker (0.3 mg, dissolved in 15 pi dimethylsulfoxide) was mixed with 1 mg chromatin (in 1 ml) and the reaction was stopped after 1 min with 25 pi 1 M Tris-HCl (pH 7.5) (19) . Hydrolysed crosslinker was removed by gel chroraatography. After addition of CaCl 2 (final concentration 1 mM) digestion with nuclease was carried out as described above.
Preparation of H1-depleted and reconstituted chromatin fragments.
Large chromatin fragments were depleted of histone H1 by the nucleic acid competition method (20,21) on a DNAagarose column (22) , crosslinked and digested as described above. For reconstitution experiments 18 % of histone H1 from bovine lymphocytes (TCA extracted (23)) were added to histone Hidepleted fragments prior to crosslinking and digestion.
RESULTS AND DISCUSSION
Nuclease digestion has proven to be a revealing probe of chromatin structure (3) . When chromatin in bovine lymphocyte nuclei is digested with raicrococcal nuclease the resulting fragments are of a very broad size distribution as shown by sedimentation analysis (fig. 1a) . After more extensive degradation, a bimodal distribution is observed ( fig. 1b, 1c) . Although with increasing digestion time more smaller fragments (mononucleosomes) are produced, the average sedimentation coefficient as well as the shape of the broad faster sedimenting peak remains almost unchanged during the digestion process. This implies the presence of intermediates during the digestion process. This is consistent with our earlier finding that there is a plateau in the sedimentation coefficient of chromatin as it is degraded by micrococcal nuclease (10).
In order to exclude possible structural artifacts resulting 
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from histone H1 redistribution during the described chromatin degradation processes we crosslinked the protein components of chromatin prior to nuclease digestion. We were unable to release chromatin fragments by DNA cleavage after crosslinking the proteins in intact nuclei. Since identical results to those described in Fig. 1 were obtained from isolated large chromatin fragments instead of intact nuclei, we isolated large chromatin fragments first by mild nuclease treatment, crosslinked the proteins with dithiobis-(succinimidylpropionate), and digested the crosslinked chromatin fragments with micrococcal nuclease for different periods of time. The sedimentation analysis of such an experiment with crosslinked chromatin fragments is shown in Fig. 2 . The profiles are similar to those obtained without crosslinking. The intermediates are now much more resistant to nuclease attack. The DNA of the center peak fraction was isolat- ed after different digestion times and analyzed for size ( fig. 2  inserts) . The DNA size decreases with increasing digestion time and can be reduced on the average to 600 base pairs of DNA (and probably more) without affecting the sedimentation behaviour of the intermediates. This experiment shows that the integrity of the DNA is not a prerequisite for the maintenance of these structures if crosslinking has occurred.
Proteins are not crosslinked at random. Mainly histone H1 was found to be crosslinked when low amounts of the crosslinking reagent were used (insert fig. 2a; 16) . Almost all histone H1 molecules were crosslinked to H1 as well as to nucleosoraal histones (16) when the enhanced nuclease resistance was observed (fig.
2). More extensive fixation of other proteins increases the nuclease resistance only slightly.
The experiments above suggest that histone H1 crosslinking is responsible for nuclease resistance. We attempted to test this directly in a reconstitution experiment. When histone H1 and all of the nonhistone proteins were removed from chromatin fragments and the core histone proteins of the resulting unfolded nucleosome chains were crosslinked, digested by micrococcal nuclease and finally analyzed by sedimentation no stable intermediates were observed ( fig. 3, doted lines) . However, when chromatin fragments were reconstituted by adding purified histone H1 back prior to the fixation and degradation procedures, nuclease resistant intermediates with almost identical sedimentation characteristics as those from native chromatin fragments are found ( fig. 3, solid lines) . This exoeriment shows unambiguously that histone H1 is required to obtain the nuclease resistant structures.
Our experiments indicate that nucleosomes in the chromosome fiber are not uniformly folded in a long range arrangement but that there are regions along a chromosome fiber which are attacked more easily by micrococcal nuclease than others. The vast majority of chromatin is found to be relatively nuclease resistant, implying that they are folded in clusters. These resistant regions (superbeads) are heterogeneous in size. In bovine lymphocyte chromatin their number average corresponds to about 25OO base pairs of DNA or 12 nucleosomes (insert fig. 1bf . Our fixation experiments offer a biochemical assay for the study of the tertiary structure of chromatin and show that histones of the H1 class are necessary and sufficient for the folding of nucleosome chains.
